Understanding a protein's dielectric response requires both a theoretical model and a well-defined experimental system. The former has already been proposed by Song (J. Chem. Phys. 116, 9359 [2002]). We suggest that the latter is provided by the complex of coumarin 153 (C153) with apomyoglobin (ApoMb). C153 has been exhaustively studied and has proven to be an excellent probe of the solvation dynamics of polar solvents. Myoglobin is one of the most thoroughly studied proteins.
INTRODUCTION
In the past decade it has been well established by numerous experimental and theoretical studies that solvation dynamics in polar solvents can be described by linear response theory (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . In general, the full frequency-dependent dielectric function of the polar solvent gives a good description of the solvation dynamics from the ultrafast regime to that of diffusive relaxation. Some direct comparisons between theory and experiments have been established (11) (12) (13) (14) . The success is largely attributable to the dielectric fluctuations of polar solvents being described accurately by simple linear response models such as the dielectric continuum model (14) (15) (16) . On the other hand, the dielectric response in proteins is more complicated. There exist many length scales owing to the structural constraints created by the carbon backbone. Some studies indicate that a linear response model may be valid from atomistic simulations (17, 18) . A simple dielectric continuum description of the protein is clearly insufficient, even though such a description has been widely used to correlate experimental data (19) (20) (21) (22) . A full atomistic description is very time-consuming for large proteins and may also hinder the distillation of transparent physical pictures (23, 24) .
We have previously proposed to seek a physically well-defined middle ground between the continuum and a full atomistic description of the protein's dielectric response to develop a new model that recognizes the highly inhomogeneous nature of a protein and at the same time avoids the enormous computational cost of atomistic model simulations. To this end, we proposed a collection of structurally constrained polarizable dipoles embedded in a dielectric continuum solvent to describe the dielectric response of a protein. Other models of solvents can also be used provided that the response function of the solvent can be obtained from other sources. The main assumption of our model is the existence of a set of frequency-dependent polarizabilities for each residue, portable to all proteins in nature. The polarizabilities can be obtained by performing detailed molecular dynamics (MD) simulations for small proteins or by solvation dynamics measurements with various mutations. The dielectric response of large proteins can be computed from these intrinsic parameters. Each dipole is located on the center of mass of a residue, and for each such residue there is a frequency-dependent polarizability a(x) (in general, a complex quantity such as the dielectric constant function). The total number of polarizable dipoles is thus equal to the total number of residues, and their positions are completely specified by the native structure of the protein.
Studies of the solvation dynamics of proteins offer a powerful means to test the validity of models of their dielectric response. In spite of considerable efforts toward the understanding of the dielectric relaxation processes in proteins (25) (26) (27) (28) , up to now a reliable estimate for the dielectric response function of proteins is still lacking. Early studies indicated that a slow relaxation (;1 ns), indeed, exists in myoglobin (29, 30) in contrast to the polar solvents. This is not unexpected because of the structural constraints. But the role of a protein's interior motions in its dielectric relaxation is presently unclear from various experimental studies of solvation dynamics in protein environments. Homoelle et al. have suggested that the dynamical fluctuations observed in phycobiliproteins involve substantial interior motions of the protein (31) . Fraga and Loppnow (32) have shown that the resonance Raman spectra are affected by the different residue compositions of the blue copper proteins from different species. On the other hand, other experimental and theoretical studies of lysozyme seem to suggest that the major contribution of the observed dynamical fluctuations comes from the surrounding water solvent and the water molecules attached to the protein surface (33) .
Zewail and coworkers used tryptophan fluorescence to study solvation dynamics in proteins. The solvation dynamics were significantly slower for the surface tryptophan residues in subtilisin Carlsberg and in monellin than for tryptophan in bulk water. They argued that the slow relaxation is due to the water molecules constrained on the protein surface (27, 34, 35) . Given, however, the ;500 cm ÿ1 difference in the reorganization energies for the surface tryptophans in the two proteins, it seems that there is also a considerable relaxation arising from the different amino acids neighboring the tryptophans.
These differences in the interpretations of various experiments are in no small part due to the lack of a reliable dielectric response function for the studied proteins from either experiments or computer simulations. The knowledge of the protein dielectric response provided by our model could shed light on this because it presents a residue-level dielectric response function of proteins. What is also required, however, is a well-characterized experimental system that facilitates the interpretation of the data. To this end, we propose the complex of coumarin 153 (C153) and apomyoglobin (ApoMb). There are three main considerations for the choice of this system. First, coumarins in general, and C153 in particular, are wellcharacterized and widely used chromophores for solvation dynamics studies (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) . Second, we can produce a broad range of mutant proteins (47, 48) in which one or several amino acids are strategically replaced, so as to test our theoretical model. Third, the structures of many myoglobins and their mutants have been determined to high resolution (49, 50) . We consequently propose that a fruitful system for studying the protein dielectric response is myoglobin in which the heme has been replaced by C153. The availability of mutant proteins with amino acid replacements near the heme-binding site will eventually permit a quantitative evaluation of local contributions of specific residues to the solvation dynamics of proteins.
Previous attempts to exploit the myoglobin system to study the solvation response of proteins have been made (29, 30) using the fluorescent probes 2,6-ANSDMA and DANCA, respectively (Fig.  1) . The former probe molecule afforded a single-exponential response of 9.1 ns and the latter, a more complicated response with both shorter and longer response times. The discrepancy between the results for these two probe molecules as well as the predominance of the long-lived response time caused us to search for other probes. We thus initially considered the probe molecules 1,8-ANS and biliverdin, for both of which there are structures of their complexes with ApoMb (51, 52) . Neither of these chromophores is, however, ideal because their absorption spectra are complicated by overlapping electronic states. Even if internal conversion from higher-lying states to the lower fluorescent state is faster than solvation dynamics, as has been suggested to be the case in tryptophan (27, 34, 35, 53) , an accurate determination of the reorganization energy based on the steady-state spectra becomes very difficult. We consequently opted for C153, which not only has been studied in a very wide range of solvents and in the gas phase, but whose excited-state solvation has been demonstrated not to involve any contributions other than those from S 1 (38) . Hochstrasser and coworkers have studied the solvation of coumarin 343 in calmodulin (41) . These workers attached coumarin 343 to the N-terminus of a tridecapeptide, which was designed to bind tightly to calmodulin. In this system solvation is complete in 100 ps.
MATERIALS AND METHODS
C153 was purchased from Exciton Inc. (Dayton, OH) and used without further purification. ApoMb was prepared using the procedure described elsewhere (54) . C153 has low solubility in water. Consequently, addition of apoprotein providing sufficient time for equilibration (45 min) ensured that it was taken up by complex formation. To obtain complexes with different C153-ApoMb ratios, increasing amounts of C153 were added to a 5 3 10 ÿ5 M protein solution. The C153 solution was prepared by adding microliter amounts of a concentrated stock solution of C153 in methanol to water and sonicating for ;1 h in the dark to ensure complete homogenization of the resulting solution. All the samples were then allowed to equilibrate for 45 min before the steady-state and time-resolved measurements. Completion of equilibration was checked by recording the steady-state spectra at 10-min intervals after the addition of C153 until no change in Stokes shift was observed.
Binding constant measurements, fluorescence. Two stock solutions were prepared of equal concentration, 5 3 10 ÿ5 M, of ApoMb and C153. From these stock solutions seven 200 lL samples were prepared with an increasing mole fraction, X, of coumarin: 0.1, 0.2, 0.25, 0.5, 0.75, 0.8, and 0.9. After the samples were allowed to stand for approximately 45 min to ensure complete equilibriation, fluorescence intensities were measured and plotted against the mole fraction of coumarin, X, to verify that the maximum intensity occurred at a mole fraction of 0.5, indicating a one-to-one binding stoichiometry. (C153 has very low solubility in water, and the protein ApoMb by itself has no measurable fluorescence in the region where the complex emits. Thus, the fluorescence is directly proportional to the concentration of the proteincoumarin complex.) Using this maximum intensity and the intensity at one other mole fraction, the binding constant, K B , can be determined (55) concentration of C153 at a given X. The dissociation constant for the complex is K D 5 1/K B .
Binding constant measurements, capillary electrophoresis. Frontal analysis capillary electrophoresis (CE) experiments were performed on a Beckman Coulter P/ACE MDQ CE system equipped with a 488 nm laser-induced fluorescence (LIF) detector. Untreated fused-silica capillaries with 50 lm inner diameter and 360 lm outer diameter were purchased from Polymicro Technologies, Inc. (Phoenix, AZ). The capillaries were 30 cm in length (20 cm to detection window). When a capillary was first used, it was rinsed for 1 min with water, 5 min with 1 M NaOH, and 1 min with water. Before each injection the capillary was washed for 0.5 min with water, 0.5 min with 1 M NaOH, and 0.5 min with water, followed by 2 min with running buffer. The premixed coumarin-apomyglobin samples were injected at 0.5 psi for 40 s into the capillary. Experiments were performed at 10 kV and a temperature of 258C. Sample emission was monitored at 520 nm. Data were collected by P/ACE system MDQ software. Sodium phosphate and phosphoric acid were purchased from Fisher Scientifics (Fair Lawn, NJ). Sodium-phosphate buffer (0.2 M) at pH 9.0 was used. The phosphate buffer was filtered through 0.22 mm nonpyrogenic filter (Costar Corp., Corming, NY). In the frontal analysis technique C153 and apomyglobin were premixed and injected as a large sample plug onto the capillary column. At pH 9 the apomyglobin is negatively charged. The electrophoretic mobility of the free C153 is different from the mobility of the protein and the protein-coumarin complex. After injection of the large mixed-sample plug, the free coumarin will migrate away from the protein. Steady-state spectroscopies. Steady-state absorption spectra were recorded on a Perkin-Elmer Lambda-18 double-beam UV-visible spectrophotometer with 1 nm resolution. The concentration of the apoprotein was determined by monitoring the absorbance at 280 nm, where the molar extinction coefficient is 15.2 mM ÿ1 cm
ÿ1
. Steady-state fluorescence spectra (both excitation and emission) were obtained on a SPEX Fluoromax with a 4 nm band pass and corrected for detector response. For both fluorescence and absorption measurements of the complex, a 3 mm path length quartz cuvette was used. Steady-state circular dichroism (CD) spectra were performed on a JASCO CD spectrometer (J-710). A 3 mm path length cell was also used for these measurements. The concentration of the samples was kept close to micromolar range to avoid saturation of the detector. The data so presented are an average of three scans and were collected at an interval of 1 nm.
Time-resolved spectroscopies. The laser source for the time-correlated single-photon counting measurements was a home-made mode-locked Tisapphire laser, tunable from 780 to 900 nm with a repetition rate of 82 MHz. The fundamental from the Ti-sapphire oscillator was modulated by a Pockels cell (Model 360-80, Conoptics Inc., Danbury, CT) to reduce the repetition rate to about 8.8 MHz and was subsequently frequency doubled by focusing tightly into a 0.4 mm beta barium borate crystal. The blue light, which had a central wavelength of 425 nm, provided the excitation source. Emission from the samples of the complex was collected at k em . 550 nm with a band-pass filter to reduce the contribution of scattered excitation light interfering with the sample fluorescence. The fluorescence lifetime decays were collected at the magic angle (polarization of 54.78 with respect to the vertical). A half-wave plate was used before the excitation polarizer to ensure vertical polarization of the excitation light. To obtain the rotational dynamics, emission from the samples was collected parallel and perpendicular to the direction of polarization of the excitation pulse. The instrument response function of the apparatus had a full width at half-maximum of 80 ps. The fluorescence lifetime decays were typically collected up to a maximum of 10 000 counts in the peak channel of the multichannel analyzer, whereas for the anisotropy decays the corresponding maximum value was 12 000 counts. Sample integrity was checked by monitoring the excitation and emission spectra before and after the measurements. The coumarin concentration was kept at ;5 3 10 ÿ6 M throughout. A 3 mm cell path length was used for the time-resolved measurements of the complex. Figure 2 . Snapshot of equilibrated C153-ApoMb in water from 3 ns MD simulations using the Amber95 force field: sperm whale ApoMb (a) and horse heart ApoMb (b). The C153 is shown in the space-filling models. Key histidine residues in the heme pocket are also shown. Residue Val68 (one of the residues in contact with C153 in the hydrophobic heme pocket with small nuclear polarizability) is used in one of our mutations (47, 48) .
(c):
The time dependence of the relative orientation of C153 with respect to His 93 (see text) from the MD trajectory of the horse heart ApoMb-C153 complex.
MD simulations. The starting configuration of horse heart myoglobin is from the Protein Data Bank (PDB ID 1WLA) with TIP3P water models. Standard constant pressure-temperature MD was performed using the ORAC package with the Amber force field (56) . In all simulations shortrange nonbonded interactions were calculated up to a 10 Å cutoff, whereas long-range electrostatic interactions were treated by the smoothed particle mean ewald (SPME) method using a very fine grid, 128 points per axis, with periodic boundary conditions, and Ewald convergence parameter of 0.43 Å ÿ1 . Three different Nosé-Hoover thermostats were coupled to solute, solvent and total center of mass. An external pressure of 0.1 MPa was applied all along the trajectory. A five-time-step rRESPA (57) algorithm with times of 0.5-1.0-2.0-4.0-12.0 fs was used with bond constraints on hydrogen covalent bonds handled by a Shake-Rattle-like algorithm. The final system was first equilibrated with velocity rescaling for 60 ps at 50 K and 80 ps at 300 K. After this initial equilibration we ran the system for 1 additional ns at constant temperature (T 5 300 K) and pressure (P 5 0.1 Mpa). To achieve full relaxation the simulation box was entirely flexible for the first 300 ps, whereas for the remainder of the run, only isotropic changes of the box were allowed (58) . Finally, the system was simulated for an additional 10 ns. In Fig. 2 are shown snapshots at around 3 ns for the horse heart and the sperm whale ApoMb complexes. One might object that the way to find the equilibrium configuration is to raise the temperature and then to cool the system. This is not recommended. Raising the temperature will most likely denature the protein, and the heme pocket may adopt some highly unlikely conformations that would not be present in the native structure. Because the insertion of C153 in our experiments is done with the native myoglobin structure, the method we use is physically reasonable.
RESULTS AND DISCUSSION
The binding of C153 to ApoMb has been characterized by MD simulations (which predict tight, stable binding in the heme pocket), measurement of its dissociation constant using two different methods, CD (which demonstrates no changes in secondary structure for the complex with respect to that of the native holo protein), and its reorientation time using measurements of the polarized fluorescence decay.
A 10 ns MD simulation using the Amber force field indicates that C153 is stable in the heme pocket and an equilibrium configuration is found (Fig. 2a,b) . Also shown in Fig. 2c is a trajectory of the angle between C153 and His 64, which is defined by the vector from N to ester O of C153 and the vector of two Ns on the His 64 side chain. This angle is averaged at 988 with a standard deviation of 88. Similar results are obtained for the angle between C153 and His 93.
Using two different methods, we have obtained dissociation constants of 5.65 6 0.25 lM (Job's plot) and 13 6 2 lM (CE) for C153 and horse heart ApoMb, which are comparable with or smaller than those discussed previously for other fluorescent probes (29, 30) (Figs. 3 and 4) . The Job's plot of the complex (Fig.  3) clearly reveals that the maximum of the fluorescence intensity occurs at a coumarin mole fraction of 0.5, which is a clear indication of 1:1 stoichiometry for the complex in the given concentration range of protein. One explanation for the difference in the two results is that the CE experiments were performed using a higher C153-ApoMb ratio because the detector was equipped with a 488 nm light source, which is not optimal for exciting C153 fluorescence.
Independent confirmation that the coumarin binds in the heme pocket is provided by the similarity of the CD spectra of native myoglobin with those of the C153-ApoMb complex (Fig. 5) . A comparison of the fluorescence anisotropy decay of C153 in solution (dimethyl sulfoxide [DMSO]) (Fig. 6) and that bound to ApoMb (Fig. 7) also argues for C153-ApoMb complex formation. Although the free coumarin exhibits a very fast depolarization time of 100 ps in DMSO, this time is lengthened to 9.2 ns upon binding, the latter time consistent with the rotational correlation time that would be expected for the ;18 kDa protein. More significantly, the anisotropy decay of bound coumarin is single exponential (9.2 ns) within our time resolution. This can be interpreted in terms of a rigidly bound coumarin whose fluorescence is depolarized exclusively by the overall rotational motion of the ApoMb itself. A single-exponential decay would not be expected for a surfacebound chromophore (59, 60) . That the fluorescence decay of C153 is single exponential also suggests that, within the sensitivity of our experimental apparatus, it binds in the heme pocket in only one conformation.
Finally, there is a significant Stokes shift of bound C153 with respect to C153 in methanol that demonstrates the difference between the heme pocket and the bulk solvent in solvating the fluorescent state. The spectra in Fig. 8 can be used to compute . Steady-state spectra of the horse heart ApoMb-C153 complex (solid lines) and of C153 in methanol (dashed lines). According to our method of evaluating the reorganization energy (33), the whole excitation or absorption spectrum is needed. If there is more than one electronic excited state close to the fluorescence state, it will be very difficult to get an accurate excitation spectrum of that state, which is the case, for example, for ANS, whose excitation spectrum is congested with at least two overlapping peaks in the blue region. The reorganization energy calculated by our method for C153 in the complex was 2280 cm ÿ1 , whereas that for C153 in methanol was 2800 cm The r a,f are the absorption (or excitation) and emission spectra, respectively, on a wavenumber scale. The reorganization energy is widely used as a measure of the strength of interactions between a chromophore and its surrounding dielectric media in solvation dynamics studies. It is usually taken as half of the Stokes shift. This estimation is accurate if the excitation and emission spectra are Gaussian, but it becomes unreliable if the spectra are not Gaussian. The reorganization energy computed using the above expression is 2280 cm ÿ1 for C153 complexed with ApoMb as opposed to 2800 cm ÿ1 for C153 in methanol, which indicates the difference in the probe's environment in these two distinctly different systems.
The preponderance of evidence listed above supports C153 binding to ApoMb, specifically in the heme pocket, in a manner illustrated in Fig. 2 . This leaves the dye in a hydrophobic environment consisting of a large number of amino acid side chains that are responsible for stabilizing and isolating the heme prosthetic group to prevent dissociation and oxidation in the native protein. In sperm whale myoglobin the principal side chains impinging on C153 are two His residues (at positions 64 and 97 in the primary sequence), Phe43, Val68, Leu29 and Leu89.
CONCLUSIONS
We have furnished an exhaustive characterization of the complex of the fluorescent probe C153 with ApoMb, indicating that it binds moderately strongly and very rigidly in the heme pocket. Because protein is clearly a heterogeneous environment with a spatially dependent polarizability, a precise knowledge of where and how the fluorescence probe binds is crucial to any thorough analysis of the protein dielectric response and our ability to distinguish the protein's response from that of the solvent. Future work will analyze the contribution of the individual amino acid residues in the heme pocket to the dielectric response of the protein.
